Luonnontieteiden Trees are known to affect air quality by capturing a remarkable amount of particles from the 27 atmosphere. However, the significance of trees in removing very fine particles (diameter less than 28 0.5 µm) is not well understood. We determined particle capture efficiency (Cp) of two birch species: 29
Introduction 54 55
Trees remove a considerable amount of particulate matter from the atmosphere by capturing it on 56 foliage (Beckett et al. 2000). This particle removal capacity of trees is one of the ecosystem services 57 that have been estimated to be worth millions of dollars (e.g. 60.1 million $ y -1 in New York City, 58 U.S.) in health care savings through improved air quality (Nowak et al. 2013 ). This estimation was 59 made for particles in the size range of PM2.5 (Nowak et al. 2013) , which has been shown to be the 60 most harmful to human health (Schwartz et al. 1996) . More adverse health effects are usually 61 related to particles in the lower range of the PM2.5 (i.e. below 1 µm) (Oberdörster et al. 2005 ), but 62 7
Plant material 142
One-year-old silver birch (Betula pendula) saplings were provided by the Natural Resources 143
Institute Finland, Suonenjoki research unit, and one-year-old pubescent birch (Betula pubescens) 144 saplings were obtained from Taimityllilä Ltd., Mäntyharju, Finland. In May 2010, saplings were 145 repotted into two liter pots filled with a 2:1 (v:v) peat:sand mixture and 1 g of N:P:K (9:3.5:5) slow 146 release fertilizer and maintained in a greenhouse at the Kuopio campus of the University of Eastern 147
Finland. Saplings were watered according to their needs, and fertilized weekly with 0.1% N:P:K 148 temperature reached its maximum of 19 ºC at 10:00 and then started to decrease towards 12 ºC after 153 18:00 holding this temperature between 00:00-04:00. Relative humidity (RH) was adjusted to a 154 standard level of 52%. 155 156 Saplings of both species were taken individually to the wind tunnel in order to determine the effects 157 of wind speed and fine particles on particle capture efficiency and BVOC emissions. Half of the 24 158 saplings of each species were exposed to fine particles carried by the wind and the other half were 159 exposed to the wind without particles. Stomatal conductance (gs) was measured with a porometer 160 (LI-COR, model LI-1600 Steady state porometer, USA) from one leaf per sapling before the x 5 mm from the abaxial (under) and adaxial (upper) sides of three air dried leaves from each 173 sapling were cut and attached to aluminum stubs covered with a double sided copper tape. Samples 174 were coated with a ca. 50 nm gold layer (Automatic Sputter Coater B7341, Agar Scientific Ltd., 175 UK). Each leaf sample was then randomly examined with a 3000 x magnification (leaf sample area 176 6500 µm -2 ) in order to count the particles. 177 where both linear and quadratic contrasts were significant, the one with the smaller p-value was 257 selected. Differences in particle deposition to leaf upper and under sides were tested with paired-258 samples T-tests. Polynomial contrast was used to test for differences in BVOC emission at different 259 wind speeds. The effect of particle exposure on BVOC emissions of each species and wind velocity 260 were separately tested by Mann-Whitney test. 261 Particles on the leaf surfaces were observed under SEM and were typically clustered with SEM-266 EDS analysis showing that they contained Ti and O (Fig. 1) . Ti was not present in the particle-freesurface areas (Fig. 1) . Other elements, including C, Au, Mg, Cu, K and Ca originated from samples, 268 sample preparation or sample stubs and were identified in the studied sample spots. 269 (Fig. 2A) . The decrease in Cp values with increasing wind speed was 282 also marginally significant when both species were analysed separately ( Fig. 2A) . Increasing wind 283 speed increased deposition velocity (Vg) on B. pendula (Fig. 2B) . For B. pubescens, Vg values were 284 highest at the 3 m s -1 wind speed (Fig. 2B ). Particles were deposited more efficiently on the 285 underside than the upper side of B. pendula leaves at a wind speed of 1 m s -1 and also when all wind 286 speed groups were combined in the analysis (Table 2) . Particle deposition on upper and under sides 287 of B. pubescens leaves was similar at all studied wind speeds (Table 2) . TiO2 particles were found in three of the five B. pendula leaves exposed to particles at a wind speed 302 of 1 m s -1 , but in none of those exposed at a wind speed of 3 m s -1 . Particles identified as TiO2 were 303 400-500 nm in diameter and often aggregated. They were free in the intercellular space or in contact 304 with the cell walls of spongy mesophyll cells (Fig. 3) close to the underside of leaf surface where 305 stomata are located. TiO2 particles were not found elsewhere in the leaves whereas C, Au, Mg, Cu, 306 K and Ca originating from samples, sample preparation or sample stubs were identified in the 307 studied sample spots. 308 309 Table 3 shows the significant effects of wind speed on the mean emission rates of individual 331 for most monoterpenes, sesquiterpenes and nonanal was that emission rates increased from 1 m s -1 333 to 3 m s -1 and then decreased again so that emission rates at 6 m s -1 were at a similar or lower level 334 than at 1 m s -1 . Emission rates of the ocimenes and caryophyllene oxide decreased and the GLV cis-335 3-hexen-1-ol increased linearly with wind speed. 336
For B. pubescens, emission rates of nonanal and the monoterpenes β-pinene, cis-β-ocimene and 337 linalool decreased with increasing wind speed, and unlike in B. pendula there was no peak in the 338 emission rate at 3 m s -1 . Emission rates of the GLV 1-hexanol increased with increasing wind speed. 339
Responses of sesquiterpenes differed between the compounds, but the overall response was that 340 emission rates were lowest at the 3 m s -1 velocity, but increased again at the 6 m s -1 velocity to the 341 same level as at the 1 m s -1 velocity. This response was also observed for the homoterpene 4,8-342 dimethyl-1,3,7-nonatriene (E-DMNT). The effects of particle exposure on BVOC emissions were 343 not significant (data not shown). Previously, we analyzed mass of salt particles deposited on leaf surfaces whereas in the current 374 study we determined the number of deposited particles by SEM analysis. The previous method 375 particles were found on both sides of the leaves, which supports determining the Cp by using the 383 total leaf area (see Räsänen et al. 2013) . 384
385
The Cp values of this study were lower at higher wind speeds, which is in line with the known 386 behavior of ultrafine particles (Lin and Khlystov 2012). Typically, a particle diameter of 0.5 µm has 387 been considered a threshold after which larger particles have more inertia and deposition increases 388 with increasing wind speed (Beckett et al. 2000) . There is also a possibility for salt particles to 389 become deliquescent, thus increasing Cp values (Burkhardt et al. 2001 ), but this is not likely to 390 happen with inert, water insoluble TiO2 particles. The decreasing Cp with increasing wind speed 391 was clearest when all replicates were combined, and only marginally significant when species were 392 analysed separately which suggests that the number of replicates should be increased in future 393 experiments to reduce variation. The effects of wind speed on Vg were not so clear, but values were 394 more likely to increase with faster wind speed. 395
396
Although particle deposition to leaf surfaces was generally low, the finding that inert TiO2 particles 397 sometimes penetrate inside the leaf structure is very interesting. The real opening of stomata of B. 398 pendula was not measured, but the stoma length of over 20 µm would enable these fine particles to 399 penetrate through the stomata into intercellular space. Previous studies have shown water-400 suspended particles of 43 nm and 1.1 µm in diameter to penetrate through the stomata of Vicia faba 401 (Eichert et al. 2008) , which are similar in size to those of the B. pendula used in this study. To our 402 knowledge, this is the first study to report stomatal uptake of solid airborne fine particles. Direct 403 uptake of particles through stomata should be studied further for a better understanding of the 
